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Development of Supercritical Water Cracking Process to Upgrade Unconventional Extra Heavy Oil at Wellhead
Tomoki KAYUKAWA †1)＊ , Takayoshi FUJIMOTO †1)
, Keisuke MIYOSHI †2)
, and Hirohisa ARAI †2) †1) Technology Innovation Center, Technology Innovation Div., Infrastructure Div., JGC Corp., 2-3-1 Minato Mirai, Nishi-ku, Yokohama 220-6001, JAPAN †2) Technical Solutions Project Gr., Oil & Gas Upstream Technology Unit, Japan Oil, Gas and Metals National Corp. The Supercritical Water Cracking (SCWC) process is a partial upgrading process to produce low density and low viscosity crude from extra heavy crude. The SCWC process can convert Canadian oil sand bitumen with API° 8 to distillate products with API° 19-24, which satisfies the Canadian pipeline specifications. The advantages offered by the SCWC process are lower operating expenditure by eliminating diluent costs compared with the conventional dilution method, and the simple configuration without hydrogen and catalyst requirements leading to lower capital expenditure compared with the full upgrading method. The SCWC process was demonstrated with a bench unit (capacity is 0.15 barrel/day) and a pilot unit (5 barrel/day). In this paper, the characteristics and performance of the SCWC process are described, and the anticipated performance of the thermal cracking reaction in a larger scale unit also investigated by comparing conversions and product yields of the bench unit and the pilot unit. Analysis of product stability and long term operation with the pilot unit evaluated the conversion limit in terms of stable operation of the SCWC process in a large scale unit.
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Extra heavy oil, Partial upgrading, Thermal cracking, Supercritical water Recently, the Japan Petroleum Energy Center (JPEC) has investigated the application of supercritical water to heavy oil upgrading 2) . A consortium of eight Japanese universities conducted fundamental studies on the reaction path, reaction kinetics, detailed structure of product, application of cracking catalysts, and other topics. The National Institute of Advanced Industrial Science and Technology (AIST) has also investigated the advantages of supercritical water as a reaction medium 3) . Such fundamental research will be important to establish the thermal cracking process with supercritical water.
The present study describes the characteristics and performance of the SCWC process, and evaluates the performance of the thermal cracking reaction in larger scale units by comparing conversions and product yields of a bench unit and a pilot unit. Product stability and long term operation with the pilot unit were analyzed to examine conversion limits in terms of stable operation of the SCWC process at the commercial scale unit. Figure 2 shows a schematic diagram of the SCWC reaction.
Outline of the SCWC Process
1. Technical Features
Thermal cracking occurs due to heat input from the supercritical water in the reactor and SCO is extracted immediately from the reactor by the up-flowing supercritical water. Therefore, excess cracking reaction of the SCO is prevented and this results in lower cracked gas yield. The supercritical water also has the characteristic of preventing polymerization of heavy oil molecules 3) . Based on these technical features, a high yield of SCO and low yields of pitch and gas can be achieved. Figure 3 shows a simplified flow diagram of the SCWC process. A wide range of heavy oil sources such as bitumen, atmospheric residue, vacuum residue, and pitch from solvent deasphalting (SDA) can be used as the feedstock for the SCWC process. Preheated feedstock is introduced from the top of the reactor, and supercritical water is introduced from the bottom. The typical ratio of feedstock and water is A high pressure separator and a low pressure separator are installed for the separation of SCO, cracked gas and sour water from the reactor effluent. Cracked gas is used for fuel after removal of acid gas. Sour water is fed to the sour water stripper and then passed to the waste water treatment unit. Treated water is recycled as feed water.
Process Description
3. Experimental
The SCWC test was conducted with two scales of test units, the bench unit and the pilot unit.
(1) Bench Unit A 0.15 barrel/day bench scale unit was built at JGC Technology Research Center in Ibaraki, Japan. This unit was designed to obtain data on the product yield, product quality, and reaction kinetics for extra heavy oil feedstock. Operation of this unit required only a small amount of feedstock and requires only a short time run, so was suitable for screening feedstock. (2) Pilot Unit A 5 barrel/day pilot scale unit was built at Canmet-ENERGY Devon Research Centre in Alberta, Canada. This unit was designed to obtain data for process scaleup from the bench scale unit to the commercial scale unit, such as the effects of reactor diameter, linear velocity, and so on. Process control was the continuous type control. Pressure and liquid levels in the reactor were controlled by control valves. The system did not include batch operation or solid handling. (3) Comparison of bench unit and pilot unit Table 1 compares the bench unit and the pilot unit. The pilot unit had larger throughput, reactor diameter, and higher linear velocity of the supercritical water under the operating conditions. Theoretically, the pilot unit can achieve the same conversion by selecting the same residence time and the same reaction temperature as the bench unit. Therefore, the test results of the bench unit and the pilot unit could be compared to identify the effect of the reactor size.
The severity of thermal cracking depends on the temperature and residence time in the reactor 4) . Thermal cracking occurs mainly at the pitch phase in the reactor of the SCWC process. Therefore, residence time is defined by dividing the volume of pitch in the reactor by the discharge rate resulting in a dimensionless number.
Many experimental runs were conducted at various temperatures and residence times with the bench unit and the pilot unit. The thermal severity index, SI, is used to evaluate data at different temperatures for determining equivalent reaction times at the same base temperature, 700 K. SI is defined by Eq. (1). 
Results and Discussion
1. Feedstock
In this study, Canadian oil sand bitumen was used for the feedstock. Table 2 shows the properties of the feedstock. The API gravity is around 8.0° and kinematic viscosity is higher than 600,000 cSt (1 cSt＝ mm 2 s -1 ) at 10 ℃. Processing is required to transport bitumen with these properties from the wellhead to the refinery. About 50 wt% of bitumen is vacuum residue, so upgrading of bitumen is also essential to improve the distillate yield (＜ 360 ℃ and 360-540 ℃) in downstream facilities.
2. Product Yield and Properties of Bench Unit
Operation Table 3 shows the conversion and product yield under three typical operating conditions with the bench unit. Conversion increased with higher temperature. Cracked gas yield and SCO yield both increased at higher conversion, whereas pitch yield decreased at higher conversion. Canadian pipeline specifications require a density lower than 940 kg/m 3 (API° 19) and kinetic viscosity lower than 350 cSt at 10 ℃ 5)
. The API gravity and kinetic viscosity of SCO obtained under all operating conditions satisfied these specifications. Condition 3 formed the most preferable product with the highest API and lowest kinetic viscosity. The sulfur content was not drastically changed after the reaction. Micro carbon residue (MCR) content in the SCO was reduced to less than 1 % under all conditions. Pitch product was heavier with lower API and higher kinetic viscosity at higher conversion. Table 5 compares the operating conditions, conversions, product yields, and product properties between the bench unit and the pilot unit. Condition 3 of the bench unit is shown as a reference. Similar operating temperature and residence time used at the pilot unit resulted in similar conversion, product yield, and product properties were achieved. Figure 4 shows the relationship between dimensionless SI and conversion. The plotted points and solid lines show the experimental data and the fitted curve of the experimental data for the bench unit and the pilot unit, respectively. The results of the bench unit and the pilot unit are indicated by the same curve, showing that reactor performance was not significantly influenced by reactor size in the range of the bench unit and the pilot unit.
Comparison of Reactor Performances
4. Conversion Limit
As described above, heavier pitch was produced at higher conversion by polymerization of heavy hydrocarbon molecules, such as asphaltene. Polymerized asphaltene has lower solubility in oil, so that asphaltene precipitates and causes fouling in the reactor vessel. P-value is an analytical property to assess the stability of asphaltene in pitch 6) , which has been used to control visbreaker operation. A P-value higher than 1.1 is considered to indicate stable asphaltene in the pitch 7) . Figure 5 shows the relationship between conversion and P-value in the pitch produced from the pilot unit. However, P-value decreases with higher conversion. The P-value was only 1.42 at conversion of 38.4 %. Therefore, the conversion was still in the acceptable operating range in terms of pitch stability.
5. Reliability of Operation
Long term operation with the pilot unit was conducted to confirm the reliability of the process. Figure 6 shows the change in product properties during long term operation for 250 h. The API gravity of SCO was API° 19, which satisfies the pipeline specification. Toluene insoluble in pitch as a component of polymerized asphaltene was unchanged, which indicates that polymerization in the reactor was adequately controlled. Therefore, the operation of the SCWC reactor was reliable during this testing period.
Summary
The SCWC process is a partial upgrading process which produces SCO transportable by pipeline from heavy oil. The SCWC process has advantages in operating cost reduction by eliminating the diluent costs for pipeline transportation and CAPEX reduction due to its simple process configuration, and minimal waste product.
The SCWC process produces SCO which satisfies pipeline specifications in terms of density and viscosity. The present pilot unit of the SCWC process demonstrated reliable operation with stable product properties.
The pilot unit adopted a control system capable of continuous operations. Comparison of conversions, product yields, and product properties between the bench unit and the pilot unit showed no effect of reactor size in the range of the bench unit and the pilot unit.
JGC continues to improve the SCWC process for application to various types of heavy oil, as partial upgrading technology or field upgrading technology can provide a more effective solution for heavy oil transportation. 
